1. Remote sensing data provides unique information about the Earth's surface that can be used to 16 address ecological questions. Linking high-resolution remote sensing data to field-based ecological 17 data requires methods to identify objects of interest directly on georeferenced remote sensing digital 18 images while in the field. 19 2. Mapping individual trees with a GPS often has location error and is focused on the position of the 20 tree stem rather than the crown, often creating a mismatch between field data and the pixel 21 information. 22 3. We describe a mapping process that uses a consumer-grade GPS and tablet computer to spatially 23 match individual trees measured in the field directly to a digital image of their crowns taken from 24 above the canopy. This paper outlines the reasons for using digital field mapping and a summary 25 of the equipment and process, with supplemental material providing a detailed field protocol. 26 4. As more remote sensing data with a resolution capable of resolving individual trees become 27 available, the opportunities to leverage these data for ecological studies grow. We provide 28 guidelines for those wanting to apply imagery to expand the spatial scale and extent of ecological 29 studies. 30 31
INTRODUCTION

32
Increasing availability of high-resolution remote sensing (RS) data, where the pixel size is smaller 33 than the features of interest, allows ecologists and RS scientists to directly connect objects in images with 34 features on the ground at a scale relevant to ecological studies. For example, high-resolution RS images 35 have generated ecological data that contributes to quantifying growth and death rates (D. Linking field data from individual trees to RS data requires accurate identification of individual 41 tree crowns in RS images. This is often challenging because of position errors of both Global Positioning 42 System (GPS) receivers and georeferenced images. Furthermore, field data is usually associated with the 43 location of a tree's stem whereas RS data shows the tree's crown. Crowns can be offset from their stems 44 due to light competition, avoidance of neighboring crowns, and mechanical damage (Schröter, However, details of the field process, hardware, and software have had little documentation. As more data 53 of the scale and type usable for individual tree mapping becomes available, we hope this paper serves as a 54 guideline for those wanting to use imagery for ecological applications. 55
56
Why use digital field mapping 57
The practice of mapping using a field-based computer and a GPS to identify and document the 58 location of features of interest, called digital mapping, has been used widely in geology (Clegg et al., 2006 ; 59 Pavlis, Langford, Hurtado, & Serpa, 2010) but less so in ecology. It is common practice in ecology studies 60 using RS to collect GPS location data of individuals independent of the RS image and try to link the two 61 datasets together after field data collection. While appropriate for applications where the features of interest 62 are large and obvious, the imprecision of associating an independently collected GPS point with an image 63 may be problematic because the incorrect pixels will be associated with the measured tree. 64 studies are: the location data is carefully collected, assessed and validated in the field; little post-processing 66 of location data and uncertainties is required; and the process builds skilled mappers that use image 67 interpretation, reasoning, field skills, and knowledge about the system to create reliable data. We present 68 additional advantages that focus on digital field mapping for features in a forested landscape. 69
70
Overcoming a poor GPS signal in forested landscapes 71
A primary reason for digital field mapping is to avoid inaccurate and uncertain data by using a GPS 72 signal alone to mark the location of individual trees. Many consumer/recreation-grade GPS receivers ($200-73 500) continuously collect location information, regardless of the signal strength and position accuracy 74 (Wing, 2008) . This is especially problematic in forests. Even a moderately closed canopy, such as pine 75 forests of the southeastern US (Figure 1) , can reduce the accuracy of point locations from consumer-grade 76 GPS receivers (Wing, 2008) . In contrast, mapping and survey-grade GPS receivers ($500-thousands) can 77 provide high measurement accuracies (sub-meter) and limit point collection to when there is a strong signal 78 (which can be very limited in forests with dense canopies). However, field ecologists may be limited to 79 using consumer-grade GPS receivers due to their low cost and relative ease of use. Therefore, as an 80 alternative, higher accuracy methods using consumer-grade equipment is needed. 81
The method we describe for mapping tree crowns uses a consumer grade GPS but does not rely on 82 the GPS signal alone to mark the location of the object of interest. Rather, the person marking the location 83 is interacting with the image in real-time in the field and with the aid of the GPS signal. Location data is 84 paired directly with the mappable features (i.e. tree crowns) while in the field to ensure proper spatial 85 alignment of field and image data. 86 87
Identifying objects in the field 88
A second reason to use digital field mapping is to support working at the scale of individual tree 89 crown objects rather than individual points or pixels. Object-based image analysis, in which pixels are 90 grouped into meaningful polygons on which subsequent analysis is performed (Blaschke et al., 2014) , has 91 grown in popularity because of greater availability of high-resolution data and segmentation techniques that 92 automate object identification. Also, object-based analysis has greater accuracy than pixel-based analysis 93 in a variety of applications (Kaszta et 
MATERIALS & METHODS
112
In this workflow, we use a RS image uploaded on tablet computer running a Geographic 113
Information System (GIS) with an integrated GPS. The workflow (Figure 2 ) has three steps; 1) acquiring 114 and preparing the imagery, 2) field data collection, and 3) lab digitization and data extraction. The data 115 needed for this process are georeferenced RS images. The data products are spatial polygons of individual 116 tree crowns (ITCs) georeferenced to the RS data. Methods described here are specific to data from the 117 Airborne Observation Platform (AOP) of the National Ecological Observatory Network (NEON) but can 118 also be used with other georeferenced digital images, such as the growing amount of available high-119 resolution imagery from satellites or drones. 120
121
Hardware and software 122
The workflow relies on a portable tablet computer equipped with GIS software and GPS 123 capabilities. We focus on the use of tablet computers or rugged field computers because they can use an 124 external GPS, have a large screen, and allow for easy import and export of custom data. There are numerous 125 options for tablets, programs, and GPS receivers, but a few key features are necessary ( Figure 3 , Table 1 ). 126
First, the tablet should have either internal GPS capabilities or the ability to connect to an external 127 GPS receiver. While the internal location systems can use assisted-GPS (A-GPS), the WiFi network, or 128 cellular towers to determine the location (Zandbergen, 2009) , the ability to connect to an external consumer-129 grade GPS receiver that uses multiple satellite systems is valuable when working in remote areas. Second, 130 the GIS software should allow for importing of custom raster files, and for creating, editing, and exporting 131 of vector data. The ability to upload custom raster data is necessary because field digitization occurs directly 132 on the image from which the data will be extracted. To our knowledge, very few GIS tablet applications 133 have this feature (Table 1) . 134
135
Image preparation (Step 1) 136
Since RS data is commonly delivered and stored as raster data, it is often very large in size, with 137 high-resolution hyperspectral data being particularly large. Field mapping does not use all this information 138 simultaneously; rather the mapper displays spectral and spatial subsets that are most useful for the task. 139
Creating image subsets and manipulation is often not possible with tablet-GIS systems, or is inefficient 140 because the software is not optimized for use in the field (Pavlis et al., 2010) . To minimize the amount of 141 image manipulation, and maximize data collection in the field, image preparation to create spatial subsets 142 and displays of the image to be used for field mapping is best done before going to the field. 143
The most important image manipulation step is to create an image that is optimal in color, contrast, 144 and extent for identifying the objects of interest. Multi or hyperspectral RS data requires the selection of 145 individual bands to create a 3-band composite image. While visible color representation (red/green/blue or 146 RGB) of the canopy is useful because it is how the human eye views the world (Figure 4) , differences 147 among tree canopies can be hard to identify with RGB combinations. Using bands in the near and short-148 wave infrared region of the spectrum highlight differences among individual crowns driven by species, 149 canopy structure, or foliar characteristics not visible to the human eye. Another component of optimizing 150 visualization is image stretching, a common practice in computer-based raster visualization that allows the 151 image color to be spread across the full range of pixel values (Gillespie, Kahle, & Walker, 1986 ). In addition 152
to reducing the spectral size of the image, it is important to create spatial subsets that reduce the size of the 153 image used in the field as many tablets have limited processing power and memory to open a large file. In 154 addition to hyperspectral data, RS products, such as a canopy height model (CHM) from LiDAR data, and 155 high-resolution true-color photos can also be used for field mapping if accurately aligned with the 156 hyperspectral data (Figure 6) . 157
Mapping is done on directly on geo-referenced images to be used for analysis, which presents a 158 temporal mismatch between when the image data is collected and when the mapping is done. We found 159 minimal change in an individual tree's canopy from one to three years after image collection. Discrepancies 160 between the image and the field, such as a fallen tree that exists in the image but is not in the canopy, can 161 be easily identified during the process. We have also found that ITCs are accurate over multiple years of 162
imagery. 163 164
Field mapping (Step 2) 165
The product of field work is rough outlines of ITCs made with direct reference to the RS data to be 166 used for analysis. In digital field mapping, the GPS signal is used as reference to locate identifiable features 167 in the image; survey techniques are used to locate the approximate location and size of a tree crown; and 168 image interpretation is used to identify the exact location and crown edges. A detailed field protocol is 169 provided in the Appendix, and an overview of the process is described here. 170
First, the GPS signal will help establish a reference point where the mapper's physical location is 171 identified in the image. Because the GPS signal will have interference under a canopy, it is best to establish 172 this reference point in a relatively open area with distinct features, such as a dead or unusual tree on the 173 edge of a forest patch, or a large canopy gap. Second, once the mapper is oriented in the image, the location 174 and size of nearby tree crowns can be identified using surveying techniques. Measuring devices, such as a 175 meter tape, laser range finder, and compass ( Figure 3 , Table 1 ), are used to 1) measure the distance and 176 orientation of target trees from the reference location, and 2) measure the size and orientation of the crown. 177
Third, image interpretation skills are used to roughly digitize the crown ( Figure 5 ). In this step, the mapper 178 must understand the shape, size, and position of the tree to be able to identify which pixels belong to the 179 target crown. Field digitization is often not straightforward, and a skilled mapper will be able to make the 180 best call as to which pixels should be considered as part of the tree crown. The digital mapping approach 181 ensures that most digitization decisions are made in the field, rather than in an office or lab, which helps to 182 prevent inaccuracies from being passed through data processing and analysis. 183
184
Data digitization & extraction (Step 3) 185
After trees have been roughly mapped in the field, the polygons must be refined in the lab (Figure  186 6). Lab digitization allows the mapper to use GIS software with full features, which unlike the tablet GIS 187 application, allows for greater image manipulation, refined polygon creation, and access to reference 188 images with higher resolution and/or more spectral bands. Additionally, uncertain data can be flagged for 189 revisit in the field if possible. 
CONCLUSIONS
197
We believe that digital field mapping of individual tree crowns will be an increasingly used method 198 for defining the location, size, and characteristics of individual trees. We echo the lessons for digital field 199 mapping highlighted by Pavlis et al. (2010) : the technology is rapidly advancing; there are software issues 200 to be improved; and we have described just one of many systems for field mapping of trees. In geology, 201 digital field mapping has largely been accepted because barriers to initial adoption (use and cost of new 202 technology, time to learn a new method, and perceived complexity) were outweighed by the advantages 203 associated with a streamlined workflow where location data is directly matched to data used for analysis. 204
We hope this documentation of the process will lead to improved workflows and solutions from those 205 wanting to use imagery for ecological applications. 206 Station (Melrose, FL). GPS points of the tree stem (solid circles) were collected with a consumer-grade unit 294 and field mapped crowns (open polygons) were created using the methods described in this paper. 295 Figure 2 . Workflow, tools, and data products for field mapping on remote sensing data. 297 Figure 3 . Typical equipment used for field mapping. Letters A-F match the equipment descriptions in Table  299 2. 300 
